Multipotent Caenorhabditis elegans vulval precursor cells (VPCs) choose among three fates (1°, 2°, and 3°) in response to two intercellular signals: the EGF family growth factor LIN-3 induces 1°fates at high levels and 2°fates at low levels; and a signal via the receptor LIN-12 induces 2°fates. If the level of LIN-3 signal is reduced by a lin-3 hypomorphic mutation, the daughters of the VPC closest to the anchor cell (AC), P6.p, are induced by the AC. By expressing LIN-3 as a function of time in LIN-3-deficient animals, we find that both VPCs and the daughters of VPCs are competent to respond to LIN-3, and VPC daughters lose competence after fusing with the hypodermis. We also demonstrate that the daughters of VPCs specified to be 2°can respond to LIN-3, indicating that 2°VPCs are not irreversibly committed. We propose that maintenance of VPC competence after the first cell cycle and the prioritization of the 1°fate help ensure that P6.p will become 1°. This mechanism of competence regulation might have been maintained from ancestral nematode species that used induction both before and after VPC division and serves to maximize the probability that a functional vulva is formed.
INTRODUCTION
While we have a reasonable understanding of how cells choose between two alternative developmental fates (Greenwald and Rubin, 1992; Horvitz and Herskowitz, 1992) , the mechanisms by which a cell chooses appropriately among multiple fates remains unknown (reviewed by Gurdon, 1992; Morrison et al., 1997 ; see also Dyson and Gurdon, 1998) . For example, peripheral T lymphocytes choose among proliferation, death, or anergy (reviewed by Alberola-Ila et al., 1997) . CNS stem cells choose among differentiation as neurons, astrocytes, or oligodendrocytes (Johe et al., 1996) . Neural crest stem cells similarly choose among neuronal, glial, and smooth muscle fates in response to three peptide growth factors . Caenorhabditis elegans vulval precursor cells (VPCs) also choose among three fates (Sternberg and Horvitz, 1986) and allow high-resolution study because their fates are invariant in an intact, wild-type animal (reviewed by Horvitz and Sternberg, 1991) .
A separate, but as we shall see, related issue is how the competence of cells to respond to intercellular signals is regulated. The restriction of the ability of precursor cells to respond only to correct cues by establishing windows of precursor cell competence complements strict control of when and where inductive signals are available. However, the mechanisms by which cells acquire, maintain, and lose such competence are not well understood (e.g., Slack, 1991; Gurdon, 1992) .
C. elegans vulval development starts with six multipotent VPCs [P(3-8) .p] (Sulston and Horvitz, 1977) . Each VPC is competent to respond to the inductive signal from the somatic gonadal anchor cell (AC) and can adopt any of the three fates, 1°, 2°, or 3° (Sulston and White, 1980; Kimble, 1981; Sternberg and Horvitz, 1986; Thomas et al., 1990) . In wild-type hermaphrodites, the VPC nearest to the AC, P6.p, adopts the 1°fate, while the adjacent P5.p and P7.p adopt the 2°fate. The other three distal-most cells, P3.p, P4.p, and P8.p, adopt the nonvulval 3°fate. All VPCs divide once about 4 h after the molt from the L2 to L3 larval stage (L2 molt). The two daughters of VPCs that assume the 3°fate then fuse with the hyp7 epidermal syncytium. By contrast, daughters of VPCs that assume the 1°and 2°fates divide again about 2.5 h later and then a third time during the L3 molt to give rise to eight and seven progeny nuclei, respectively (Sulston and Horvitz, 1977 ; see Fig. 1 ).
The VPCs choose among three potential fates (1°, 2°, or 3°) in an invariant spatial pattern. Previous studies demonstrated that activation of distinct receptors correlates with each of the two induced fates. The inductive signal from the AC is the EGF-like growth factor LIN-3 (Hill and Sternberg, 1992; Katz et al., 1995) and acts via the receptor tyrosine kinase LET-23 (Aroian et al., 1990; Katz et al., 1996) . A lateral signal between induced VPCs is mediated by LIN-12, a Notch homolog (Greenwald et al., 1983; Sternberg, 1988; Yochem et al., 1988; Sternberg and Horvitz, 1989; Koga and Ohshima, 1995; Simske and Kim, 1995) . Strong LET-23 activation leads to 1°fates; LIN-12 activation leads to 2°f ates (weak LET-23 activation also leads to 2°fates but whether this depends upon LIN-12 is still unclear). Current models of VPC fate patterning are based on these conclusions, along with the utilization of LIN-12-mediated lateral signaling to work in either an inductive or inhibitory mode. A sequential induction model posits that the inductive signal only induces P6.p to be 1°, which subsequently induces P5.p and P7.p to become 2°by lateral signaling mediated by LIN-12 (Koga and Ohshima, 1995; Simske and Kim, 1995; J. Liu and P. S., unpublished observations) . A direct induction model posits that a graded inductive signal mediated by LET-23 induces and biases lateral signaling among VPCs, thus specifying both 1°and 2°fates in a dose-dependent manner (Sternberg and Horvitz, 1986; Katz et al., 1995) . These models require that a presumptive 3°c an become 1°or 2°by action of these receptors, but do not bear on when the VPCs commit to their fates and how the competence of VPCs to respond to signals is regulated. The hybrid lineages (1°/3°, see Fig. 1B ) seen in various mutant backgrounds and experimentally manipulated animals (e.g., Sulston and Horvitz, 1981; Ferguson et al., 1987; Sternberg and Horvitz, 1986; Aroian and Sternberg, 1991; Katz et al., 1995) suggest that VPCs are not irreversibly committed to their fates. The heterochronic pathway affects both timing of acquisition of competence and cell cycle progression of VPCs (Euling and Ambros, 1996) . HOM-C genes also influence the competence of VPCs (Clandinin et al., 1997; Maloof and Kenyon, 1998; Eisenmann et al., 1998) .
Here we examine the commitment of VPCs to their fates and the window of VPC competence to respond to LIN-3.
MATERIALS AND METHODS

General Methods and Strains
C. elegans strains were handled at 20°C according to standard protocols (Brenner, 1974; Wood, 1988) . The following alleles were used: for LGI, ayIs4 ]; LGII, syIs12 ]; LGIII, dpy-19(e1259), unc-32(e189), lin-12(n137), lin-12(n676n909), unc-69(e587); LGIV, unc-24(e138), let-59(s49), unc-22(s7), dpy-20(e1282), lin-3(n378), lin-3(n1059) ; LGX, (Brenner, 1974; Greenwald et al., 1983; Ferguson and Horvitz, 1985; Clark et al., 1988; Katz et al., 1995; Burdine et al., 1998) .
The integrated transgenes ayIs4 and syIs12 carry dpy -20(ϩ). ayIs4; syIs12; lin-3(n378) let-59 unc-22/unc-24 lin-3(n1059) dpy-20 animals were constructed by mating ayIs4/ϩ; syIs12/ϩ; [lin-3(n378) let-59 unc-22 or unc-24 lin-3(n1059) dpy-20]/dpy-20 males to ayIs4/ϩ; syIs12/ϩ; [lin-3(n378) let-59 unc-22 or unc-24 lin-3(n1059) dpy-20 ]/dpy-20 hermaphrodites. Vulvaless hermaphrodite cross-progeny were selected, placed on individual plates, and allowed to self-fertilize. Animals that did not segregate Dpy were kept, and their progeny were examined individually under Nomarski optics after heat shock for the presence of ayIs4 and syIs12. These animals were therefore of genotype ayIs4/(ayIs4 or ϩ); syIs12/(syIs12 or ϩ); lin-3(n378) let-59 unc-22/unc-24 lin-3(n1059) dpy-20. Animals that contained ayIs4 and syIs12 in all their progeny were identified.
Heat Shock and Hydroxyurea Treatment of Transgenic Animals
Animals were mounted on agar pads, examined using Nomarski optics to confirm their stages (Sulston and Horvitz, 1977; Kimble and Hirsh, 1979) , and then heat shocked. All heat-shock pulses were performed at 31.5°C for 20 min (except for the second half of FIG. 1. Schematic outline of the response of VPCs when LIN-3 is expressed at different times. (A) Presumptive 3°VPCs can respond to LIN-3 and become 1°. (B) Newly born presumptive 3°VPC daughters can respond to LIN-3 and be induced to adopt the 1°or the hybrid fates. (C) Presumptive 2°VPCs can respond to LIN-3 and become 1°. (D) Presumptive 2°VPC daughters can respond to LIN-3 and be induced to adopt the 1°or the intermediate fates. L, longitudinal division; underlining, strong adherence to ventral cuticle. T, transverse division. N, division did not occur, and nucleus is compact. S, VPC daughters did not divide and fused with the epidermis. Green indicates expression of egl-17::GFP at L3 molt, a marker for 1° (Burdine et al., 1998) .
FIG. 2.
The AC is required after VPCs divide if VPCs did not receive sufficient signal. The horizontal axis shows the genetic background we used. Solid bar, intact animals; hatched bar, the AC was ablated immediately after P6.p had divided. (A) The strains used were egl-17:: GFP and egl-17::GFP; lin-3(e1417) . The vertical axis indicates the percentage of P6.p cells that adopted the vulval fate. In wild type, 100% of the P6.p cells in intact animals adopted the vulval fates (n ϭ many). This percentage remains unchanged when the AC was ablated immediately after P6.p had divided (n ϭ 25). In a lin-3(e1417) background, 42% of the P6.p cells in intact animals were induced (n ϭ 74). However, when the AC was ablated immediately after P6.p had divided, only 8% of the P6.p cells adopted the vulval fates (n ϭ 32). (B) The strains used were egl-17:: . The vertical axis indicates the percentage of P5.p and P7.p cells that adopted the vulval fate. In wild type, 100% of the P5.p and P7.p cells in intact animals adopted the vulval fates (n ϭ many). This percentage remains unchanged when the AC was ablated immediately after P6.p had divided (n ϭ 50). In an lin-3(sy91) background, 30% of the P5.p and P7.p cells in intact animals were induced (n ϭ 130). However, when the AC was ablated immediately after P6.p had divided, only 7% of the P5.p and P7.p cells adopted the vulval fates (n ϭ 66). Table 1 , 33°C for 30 min was used). Animals were placed on prewarmed plates of desired temperature, sealed with Parafilm, and then floated in a covered water bath of the same temperature. After heat shock, animals were transferred immediately to plates kept at 20°C until late L3 stage when they were scored for VPC fates. In many cases, the animals were replated and observed again during L4 stage.
Newly molted L3 ayIs4; syIs12; lin-3(lf) animals were examined using Nomarski optics and placed on plates containing 40 mM hydroxyurea and a small spot of Escherichia coli (Euling and Ambros, 1996) for 3 or 6 h. They then were mounted on agar pads and examined using Nomarski optics again to confirm that VPCs had not divided or started to divide during the period. These animals were put back on hydroxyurea plates and heat shocked at 31.5°C for 20 min prior to transfer to normal plates. Animals whose VPCs had divided or were starting to divide were discarded. Some of the 3-h hydroxyurea (HU)-treated animals were transferred to normal plates after treatment and cultured for 3 h. They then were animals. Displays animals from Table 2 . In all panels, ventral is down, anterior is to the left. In A-E, an animal without heat shock treatment; in F-J, an animal heat shocked at 31.5°C for 20 min after all its VPCs had divided. (A and B) Nomarski and fluorescence images of VPC granddaughters during L3 lethargus. None of the VPC granddaughters was expressing egl-17::GFP. (C and D) Nomarski and fluorescence images of vulval invagination of the same animal at mid-L4. For each VPC, some, but not all of its descendants were expressing egl-17::GFP strongly, showing that it adopted the 2°fate. (E) The same animal at adult stage. Small protrusions on the ventral side are the typical phenotype of 2°VPCs when they develop into adult stage (Greenwald et al., 1983) mounted and examined using Nomarski optics for a third time. Such animals were placed back on normal plates and heat shocked at 31.5°C for 20 min.
FIG. 3. The fate of VPCs in
Cell Ablation and VPC Fate Assignment
AC ablation was performed with a laser microbeam (Sulston and White, 1980) when P6.p just finished its first division. Success of AC ablation was confirmed at the VPC four-cell stage.
Both VPC lineages and expression patterns of egl-17::GFP were followed after the four-cell stage using Nomarski optics and a Zeiss Axioplan microscope with a 200-W HBO UV source, using a Chroma High Q GFP LP filter set (450 nm excitation/505 nm emission). Photographs were taken with Fuji Provia ASA 400 film. VPC fates were assigned as the vulval fate or the nonvulval fate in Table 1 , Fig. 2 , and Fig. 5 ; the 1°or the non-1°fate was assigned in Table 2 and Fig. 3 .
In Table 1 , Fig. 2 , and Fig. 5 , we scored VPCs as adopting the vulval fate if they underwent at least two rounds of cell division and remained unfused based on observation under Nomarski optics. In Table 2 and Fig. 3 , VPCs with 1°characteristic lineages at L3 lethargus, forming a symmetric invagination at mid-L4 stage without adhering to the ventral cuticle (Katz et al., 1995) , were scored as adopting the 1°fate for one set of experiments. For the other set of experiments, the expression egl-17::GFP was scored at both late L3 and mid-L4 stage. We scored VPCs as adopting the 1°f ate only if GFP was expressed in all four descendants at L3 and faded completely at mid-L4.
RESULTS
AC Is Required after the First VPC Division if LIN-3 Signaling Is Reduced
Vulval induction occurs around the late L2 to early L3 stage (Kimble, 1981; Sternberg and Horvitz, 1986) . Previous work showed that VPCs are able to adopt their correct fates if the AC is ablated just before their division (Kimble, 1981) . However, it is unknown how long the LIN-3 protein made by the AC before the ablation will persist (e.g., in the extracellular matrix) after AC ablation, and thus the question remains whether VPC daughters need LIN-3 signaling provided by the AC to ensure a wild-type vulval pattern. To help answer this question, we examined whether the AC was required for vulval induction after VPCs had divided if there was a lower level of LIN-3 signal made by the AC. We used two lin-3 hypomorphic alleles e1417 and sy91 to reduce the level of LIN-3 signaling (Liu, et al., 1999) . e1417 does not have any mutation in either the coding region or the 5Ј-untranslated region of lin-3. The mutation is probably located in a noncoding region, such as the promoter. sy91 contains a transposon insertion at an intron of lin-3 that presumably decreases the level of lin-3 mRNA (Hill and Sternberg, 1992) . In intact lin-3(e1417) mutant animals, 42% of the P6.p cells were induced (n ϭ 74), and none of the P5.p and P7.p cells was induced (n ϭ 148). In intact lin-3(sy91) mutant animals, 45% of the P6.p cells were induced (n ϭ 65), and 30% of the P5.p and P7.p cells were induced (n ϭ 130).
We repeated the AC ablation experiment of Kimble (1981) and found that in wild-type animals 100% of the P6.p, P5.p, and P7.p cells adopted vulval fates if the AC was ablated after P6.p had divided (n ϭ 25 animals). By contrast, when the AC was ablated immediately after P6.p had divided in a lin-3(e1417) background, the percentage of P6.p cells that were induced dropped dramatically from 42 to only 8% (n ϭ 32, P Ͻ 0.001, Fig. 2A ). In addition, when the AC was ablated immediately after P6.p had divided in a lin-3(sy91) background, the induction of the P5.p and P7.p cells dropped from 30 to 7% (n ϭ 66, P Ͻ 0.001, Fig. 2B ), and the induction of P6.p cells dropped from 45 to 27% (n ϭ 33, P ϭ 0.12). The percentage of P6.p cells that adopt the vulval fates clearly reflects the result of inductive signaling. Since specification of 2°, at least partially, involves induction by a 1°neighbor (Koga and Ohshima, 1995; Simske and Kim, 1995) , the ability of P5.p and P7.p to become 2°is a rough measure of the extent to which P6.p laterally signals, which roughly parallels specification as 1°and other measures of induction of P6.p. Therefore, the results of these experiments demonstrate that AC can be required beyond the first VPC cell cycle.
Presumptive 3°VPC Daughters Are Competent to Respond to LIN-3 until They Differentiate as hyp7
The above experiments revealed that the daughters of VPCs are competent to respond to LIN-3. To test precisely how late the window of VPC competence extends, we induced LIN-3 expression at different times in a lin-3 loss-of-function background, in which the inductive signal is missing and VPCs adopt the 3°fate (Figs. 1A and 1B) . If the time of LIN-3 expression was before the end of VPC competence, VPCs would adopt vulval fates. We used a construct expressing the EGF domain of LIN-3 under the transcriptional control of an hsp16 promoter (syIs12; henceforth hs-LIN-3; Hill and Sternberg, 1992; Katz et al., 1995) . To lower lin-3 activity without loss of viability due to complete loss of lin-3 activity, we used a heterozygous strain, lin-3(n378/n1059) [henceforth lin-3(lf) ]. Without heat shock, all VPCs of egl-17::GFP (see below); hs- animals adopted the 3°fate (Table 1) : they divided only once and their progeny fused with the hyp7 epidermis.
When the animals were mildly heat shocked (31.5°C for 20 min) before the first VPC division (Fig. 1A) , from L2 lethargus (a period during which pharyngeal pumping ceases between L2 and L3) to mid-L3, the percentage of VPCs adopting vulval fates dropped gradually from 99 to 53% (Table 1) . If the animals were mildly heat shocked after VPCs had divided once, all VPCs adopted the 3°fate (n ϭ 74, Table 1 ). However, if the animals were strongly heat shocked (33°C for 20 min) after VPCs divided once, 2% (n ϭ 152) of the presumptive 3°VPC daughters responded to LIN-3 by adopting the vulval fates (Table 1) . To further examine whether VPC daughters can respond to LIN-3, we observed animals that were mildly heat shocked when some VPCs had divided while others had not. We found that very late stage VPCs could be induced to adopt vulval fates by heat shock starting at the onset of their mitosis (Fig. 1B and Table 1 ), while other divided VPCs in the same animal were not induced. In particular, in animals in which all VPCs but P6.p had divided, 23 of 42 (55%) P6.p daughters had vulval fates when the animals were heat shocked at the onset of P6.p mitosis. Among these 21 P6.p lineages we scored, both daughters of 7 were induced, only one daughter of 9 was induced (hybrid; also see Discussion), and neither daughter of 5 was induced.
Therefore, both VPCs and VPC daughters are competent to respond to LIN-3. Since presumptive 3°VPC daughters fuse with hyp7 epidermis shortly after they are born, the time when they lose competence is about the same time when they exit from the cell cycle and fuse with hyp7. VPC daughters are probably competent to respond to LIN-3 for a short period of time at the beginning of their cell cycle before fusion.
Wild-Type Presumptive 2°VPC Daughters Can Respond to LIN-3
We then tested whether extending the cell cycle of VPC daughters would make VPC daughters remain competent for a longer time. In wild-type hermaphrodites, P5.p and P7.p always adopt the 2°fates; therefore, their daughters always go through a full cell cycle without fusing with hyp7. By overexpressing LIN-3 in a wild-type background, we should be able to examine the competence of P5.p and P7.p daughters. In this same experiment, we should also be able to test whether the daughters of VPCs specified to be 2°c an respond to LIN-3 and be redirected to be 1°. If 2°VPCs are committed to their fates during their first cell cycle, 2°V PC daughters should not be affected by induction of LIN-3 expression after VPC division. We used egl-17::GFP as a marker for VPC fates, since wild-type 1°and 2°cells have distinct egl-17::GFP expression patterns (Burdine et al., 1998) . These patterns have been shown to correspond to different vulval fates by lineage analysis in various mutant backgrounds and ablation experiments (Burdine et al., 1998; M. Wang and P. W. Sternberg, unpublished data) . egl-17::GFP is expressed in 1°granddaughters at L3 and then fades completely in 1°descendants at mid-L4. In contrast, 2°granddaughters do not express egl-17::GFP at L3, but half of the 2°descendants (N and T) express GFP strongly at mid-L4. animals were staged using Nomarski optics and heat shocked at 31.5°C for 20 min.
a Stages of animals when heat shock began. Times referring to hours after L2 lethargus are in parentheses.
b We scored a VPC as 1°, either according to its lineages during L3 lethargus and morphogenesis at mid-L4 or according to the expression pattern of egl-17ϻGFP at both L3 lethargus and mid-L4 (see text). We scored the patterns of egl-17ϻGFP expression at L3 lethargus as 1°, if all four descendants of a VPC expressed GFP; however, a 2/4 pattern was observed instead of a 4/4 pattern (see text).
c Number of VPCs scored. d Dorsal uterine cells had not divided or were still dividing. e Other VPCs in the same animal were dividing or had divided to make two daughter cells at that time, while the VPCs scored had not.
f The VPCs scored were dividing to make two daughter cells. g Dorsal uterine cells had not divided for a second time. h Other VPC daughters in the same animal were dividing or had divided, while the VPC daughters scored had not.
i The VPC daughters scored were dividing or had divided. 
FIG. 6.
Two ways to generate hybrid lineages. The axis at left is marked in hours after molt from L2 to L3. Green boxes indicate times when VPCs are exposed to LIN-3. The width of the green boxes indicates the level of LIN-3 signaling. 1°/3°hybrid lineages can be caused by truncation of LIN-3 signaling, too late LIN-3 expression, and/or too low a level of LIN-3 signaling.
FIG. 7.
Hypothesis for cell cycle regulation of VPC fate specification. Both VPCs and VPC daughters are competent to respond to the inductive signal LIN-3. Maintaining competence to respond to LIN-3 to VPC daughters maximizes the probability that at least one VPC will be induced to be 1°. Specification to be 1°overcomes a prior specification to be 2°, while specification to be 1°cannot be reversed. 1°a nd 2°cells at first share a common pathway, thereby maintaining the ability to respond to further LIN-3 signaling. These two signaling pathways might act on the common downstream target(s) that determine the sensitivity of VPCs to LIN-3. 19
Without heat shock, lin-3(ϩ) animals bearing egl-17::GFP and hs-LIN-3 displayed wild-type vulval induction: P5.p and P7.p always adopted the 2°fate and never expressed egl-17::GFP at L3. When these animals were heat shocked after the VPCs had divided (Fig. 1D) , in all 15 cases examined, the distal daughters of P5.p and P7.p were induced to express egl-17::GFP at the L3 stage. (Since in every case but one only distal daughters expressed egl-17::GFP, many of these P5.p and P7.p cells did not adopt bona fide 1°fates; also see below.) Proximal 2°VPC daughters directly adjacent to the daughters of P6.p (already 1°) expressed LIN-12 (Levitan and Greenwald, 1998) and were probably inhibited to respond to LIN-3 by lateral signaling. In contrast to the effects of LIN-3 induction on presumptive 2°VPC daughters, heat shock after the division of presumptive 3°VPCs had little if any effect (see above). Since the cell cycle of 3°VPC daughters is very short, one possibility is that 2°VPC daughters maintain their competence for a longer time by extending their cell cycle.
Presumptive 2°VPC Daughters with Activated LIN-12 Can Respond to LIN-3
To further test the competence of presumptive 2°VPC daughters and avoid the complication of having 1°neigh-bors present, we tested whether activated LIN-12 can prolong VPC daughters' competence. During vulval induction, lin-12 is required for 2°fate specification (Greenwald et al., 1983) . In a lin-12(gf) background, all VPCs adopt the 2°fate even if LIN-3 is not available, but can be induced to adopt a 1°fate by LIN-3 provided by the anchor cell (Sternberg and Horvitz, 1989; Greenwald and Seydoux, 1990) . Indeed, without heat shock, all VPCs of egl-17::GFP; hs- animals became 2° (Table 2 and Fig.  3A-3E ). In this activated LIN-12 background, we induced LIN-3 expression at different times to determine the latest time when expression of LIN-3 induces VPCs to a 1°fate.
Heat shock before VPCs divide induced almost half of them to become 1° (Fig. 1C and Table 2 ). In contrast to nonresponsive daughters of presumptive 3°VPCs, if the animals were heat shocked after VPC division (Table 1) , substantial proportions (15 and 18%, in different experiments) of lin-12(gf) VPC daughters responded to LIN-3 (Table 2 , Fig. 1D, and Fig. 2 ). The adoption of the 1°fate by these presumptive 2°cells was supported by three lines of evidence. First, we observed lineages with 1°characteristics and nonadherence to the ventral cuticle at L3 lethargus, as well as the symmetric morphology of the vulval invagination at mid-L4 (Katz et al., 1995, Fig. 3H and Table 2 ). Second, these cells expressed egl-17::GFP in a pattern similar to that seen in wild-type 1°cells (Burdine et al., 1998; Fig. 1C, Figs. 3F-3I, and Table 2 ). Third, a significant percentage of the vulvae made by these VPCs ruptured during adulthood, a phenotype associated with adjacent 1°c ells (Fig. 3J) . If the animals were heat shocked when VPC daughters had started their division, no VPCs adopted the 1°f ate (n ϭ 77, Table 2 ). Since heat shock after the division of presumptive 3°VPCs had little effect (see above), we thus conclude that the duration of VPC competence is extended well beyond the VPC division if LIN-12 is activated.
VPC Daughters Can Respond to LIN-3 Independently
In our experiments, we examined the percentage of competent VPCs that responded to LIN-3, as well as the patterns of egl-17::GFP expression, which we found to depend on the experimental perturbation. When we heat shocked the animals before the first VPC division in either the lin-12(ϩ) or lin-12(gf) background, all four VPC granddaughters expressed GFP at the same level during L3 lethargus, as do wild-type 1°cells (Fig. 4A) . We designate the pattern as 4/4. We interpret this pattern to mean that the VPCs became committed to the 1°fate and all of their granddaughters inherited this decision. When we heat shocked the animals at the onset of the first VPC division in a lin-12(ϩ) or lin-12(gf) background, or after the first VPC division in a lin-12(gf) background, the expression levels in two granddaughters derived from the same VPC daughter appeared to be the same, but distinct from those in their cousins ( Fig. 4B and Fig. 3G ). We designate it the 2/4 pattern. This pattern suggests that these VPCs were not committed to the 1°fate, and their daughters responded to LIN-3 and were specified separately. The existence of the 2/4 pattern suggests that the daughters of VPCs can respond to LIN-3 independently.
Timing of VPC Competence Is Coupled to the Cell Cycle
To test whether the timing mechanism of VPC competence regulation measures cell cycles or real time, we used HU to reversibly block VPCs at S phase (Euling and Ambros, 1996) for different lengths of time and examined their competence by inducing LIN-3 expression after the block. If VPC cell cycle determines competence, then, no matter how long they have been blocked, VPCs would not be expected to differ significantly in competence. If real time is measured, chronologically older VPCs should be less competent to respond to LIN-3, regardless of their cell cycle phase.
Since HU is known to induce the expression of many stress genes, as a control we tested the effect of HU on hs-LIN-3 expression and consequently vulval induction. Newly molted animals were placed in HU for 3 h and then scored for vulval induction. All VPCs adopted the 3°fate (n ϭ 20), indicating that without heat shock HU alone does not induce VPCs to adopt vulval fates (Fig. 5) .
We analyzed VPCs in the S phase in an egl-17::GFP; hs- background (Fig. 5) . In this experiment, VPCs would enter S phase and then exit S phase in the absence of inductive signal and HU. However, they were blocked at S phase by HU and then challenged with LIN-3 during the block or some time after the block was released. We used newly molted L3 animals and considered their VPCs as 0 h. The chronological age of the VPCs was counted by summing the time that the animals grew in HU as well as the time they grew without HU. We arrested animals with 0-h VPCs in HU for 3 or 6 h to keep VPCs at S phase (Euling and Ambros, 1996) , and we refer to these cells as 3-or 6-h-old VPCs in S. We released animals with 3-h-old VPCs in S from HU for 3 h and found that these 6-h-old VPCs were close to the onset of mitosis (n ϭ 7 animals). We thus refer to these cells as 6-h-old VPCs in M for simplicity.
Eighty-six percent of 6-h-old HU-arrested VPCs in S (n ϭ 36) were competent to respond to LIN-3 and displayed 4/4 patterns of egl-17::GFP expression when induced, resembling the response of 3-h-old VPCs in S (90%, n ϭ 30, P Ͼ 0.7, using Fisher's exact test; Fig. 5 ). However, only 46% of 6-h-old VPCs in M (n ϭ 39) responded, and they displayed 2/4 patterns when expressing egl-17::GFP (Fig. 5 , P Ͻ 0.001). Therefore, although the same age in real time, 6-h-old VPCs in M were less competent to respond to LIN-3 than 6-h-old VPCs in S phase. Moreover, the 2/4 pattern displayed by 6-h-old VPCs in M implies that their response to inductive signal was qualitatively different from 6-h VPCs in S and took place after their division. Therefore, these experiments demonstrate that VPC competence depends on the state of the VPC cell cycle and not on the chronological age of the responding cell.
DISCUSSION
We have analyzed temporal aspects of vulval induction in C. elegans to explore how VPCs respond appropriately to the inductive signaling process. We show that VPC daughters require the inductive signal LIN-3 to adopt the vulval fates if LIN-3 signaling to VPCs is compromised. We have also found that VPC daughters can respond to the vulval inducing signal LIN-3, even if their parents were previously specified to be 2°. Our results reveal a coupling of VPC competence to the cell cycle as opposed to absolute developmental time. These findings have implications for the logic of how cells choose among three alternative fates to match the priorities of organogenesis.
Coupling of VPC Competence to the Cell Cycle
We have established an assay to examine VPC competence to respond to LIN-3. In this assay, we genetically remove most endogenous LIN-3 and then add back LIN-3 as a function of time using an inducible promoter. (Although this low level of endogenous LIN-3 remaining is unable to induce vulval fates, it is unknown whether this background affects VPCs' capability to respond to signaling.) The stereotyped cell lineages of C. elegans allow developmental time to be determined with considerable accuracy (within 30 min). We have found that VPCs are competent to respond to LIN-3 as are VPC daughters shortly after they are born. VPC daughters lose competence upon exit from the cell cycle, possibly by their terminal differentiation (fusion with the hyp7 epidermis). Keeping VPC daughters in the cell cycle by activated LIN-12 maintains VPC competence. We also note that blocking the cell cycle does not necessarily abolish VPC competence, as HU-arrested VPCs expressed a cell fate specific marker egl-17::GFP, although cell fate specific lineages are not executed (data not shown; Ambros, 1999) .
Proposed roles of receptors of the LIN-12/Notch/GLP-1 family include maintaining cell competence by delaying cell fate determination (Coffman et al., 1993; reviewed by Artavanis-Tsakonas et al., 1995) or by controlling binary choices in cell fate (reviewed by Greenwald, 1994) . Our observation that activation of background] extends competence to respond to the epidermal growth factor LIN-3 provides one class of explanation for the oncogenic action of some mammalian LIN-12 homologs (reviewed by ArtavanisTsakonas et al., 1995) . Specifically, we see an inappropriate response to an EGF-like growth factor, likely via the RAS pathway, in cells that have activated LIN-12. Our results suggest that the effects of activated LIN-12 on competence of the VPC daughters may be caused by activated LIN-12 regulating cell cycle, as well as regulating cell differentiation.
Commitment to VPC Fates
Analysis of the commitment of cells to developmental fates has been difficult in C. elegans because traditional assays of transplantation and cell culture (reviewed by Gurdon, 1992) have not yet been applied to this organism. Manipulating the levels and the timing of growth factors involved with cell fate specification as we have done with LIN-3 in this study is another way of assessing their state of commitment. Ours is arguably the first study to use this approach to address cell fate commitment in C. elegans.
Our results demonstrate that VPC daughters with activated LIN-12 (hence specified to be 2°) remain competent to respond to LIN-3 and therefore can be respecified to adopt the 1°fate. We speculate that induced VPCs go through what is at first a common pathway of 1°and 2°fate specification, thus remaining competent to respond to further LIN-3 inductive signaling by becoming 1° (Fig. 7) . There are indeed common and unique characteristics of the 1°and 2°fates. One common characteristic is that both fates involve stimulation of the cell cycle and generate grossly similar cell types. However, cells adopting each fate express molecular markers such as egl-17::GFP in distinct temporal and spatial patterns. As is often the case in development, differential gene expression precedes not only frank differentiation, but also commitment to a fate (Davidson, 1986 ). We believe that VPC fate specification usu-ally takes place in the first cell cycle but that in relatively rare individuals-those that receive a lower level of LIN-3 during the first cell cycle-the patterning process extends into the second cell cycle.
Our results suggest that there are two ways in which the hybrid lineages of 1°and 3°seen under various conditions arise (e.g., Sulston and Horvitz, 1981; Ferguson et al., 1987; Sternberg and Horvitz, 1986; Aroian and Sternberg, 1991; Katz et al., 1995; this paper) . In particular, we have provided evidence that these hybrids occur either because the VPCs failed to receive or transduce enough LIN-3 signal to be committed to the 1°fate or because they received LIN-3 too late and only one of two daughters responded (Fig. 6) . If inductive signaling is truncated by anchor cell ablation, cells can generate 1°/3°hybrid lineages (Kimble, 1981 ; M. Wang and P. W. Sternberg, unpublished observations). We interpret these cases as resulting from insufficient signaling to become committed to vulval (1°or 2°). On the other hand, in our late LIN-3 expression experiments, VPCs did not receive LIN-3 until they divided, and 3°/1°(S TT) type hybrid lineages were likely caused by VPC daughters responding to LIN-3 independently (Fig. 1B) . Similarly, 3°/2°-1°-2°/3°(i.e., S TN-TTTT-NT S) patterns could also be explained by lateral signaling from presumptive 1°daugh-ters (e.g., Sulston and Horvitz, 1981; Koga and Ohshima, 1995; Simske and Kim, 1995 
Evolutionary Implications and Prioritization of a Three-Way Decision
We believe that the maintenance of competence was necessary for vulval induction in ancestral nematodes and has been maintained in C. elegans because it helps ensure an appropriate pattern of cell types. In a number of other nematode species, vulval fate patterning is achieved through two successive inductions by the gonad (Fé lix and . The first induction is of three VPCs to assume vulval fates; the second induction is of two VPC daughters to assume the inner vulval fates corresponding in cell type to the progeny of the 1°VPC. The vulval fates in these species might correspond to the first common part of the 1°and 2°program in C. elegans (stimulation of the cell cycle and blocking epidermal differentiation), presumably promoted by activated homologs of either LIN-12 or LET-23. The inner vulval fates might correspond to the final 1°f ate in C. elegans, promoted by further LIN-3/LET-23 signaling in the second induction.
Of the three vulval fates in C. elegans, 1°is the most important fate to ensure a functional vulva. Hermaphrodites with only 1°but not 2°cells sometimes can still lay eggs, while animals with only 2°but not 1°cells never lay eggs (Sulston and White, 1980; Greenwald and Seydoux, 1990) . Too little signal fails to induce a 1°, or induce a 1°t hat cannot laterally induce its neighbors to be 2°, resulting in animals with inefficient egg laying and copulation with males (Sulston and White, 1980 ; M. Barr and P. W. Sternberg, unpublished observations).
Prioritization of 1°over 2°fates could be achieved by maintaining VPC competence to respond to LIN-3 after they divide. The production of the LIN-3 signal may be difficult to be controlled precisely; it would thus be essential to have additional mechanisms to ensure the outcome of the signaling process. The maintenance of competence of VPC daughters in C. elegans provides a greater window of time for uncommitted 1°VPCs to respond to LIN-3 and commit to the 1°fate, thereby maximizing the probability that at least one VPC will be induced to be 1°.
Prioritization of 1°over 2°could also be achieved by making the decision to become 1°irreversible and making the decision to become 2°at the first VPC cell cycle reversible. Since low levels of LIN-3 signal induce a VPC to become 2° (Katz et al., 1995 (Katz et al., , 1996 , either VPCs must not commit to a fate until they have given enough time to receive LIN-3 or specification to be 1°supercedes specification to be 2°or 3°. Gurdon et al. (1995; Dyson and Gurdon, 1998) have argued for a ratchet mechanism of response to a morphogen, in which cells interpret signal received over time. Indeed, specification as 1°overcomes a prior specification to be 2°or 3°. We find that 2°-fated cells can be readily switched to 1°fates, and delivery of LIN-3 to VPC daughters induces them to display 1°characteristics. By contrast, it is more difficult for a presumptive 1°VPC to become 2°. In particular, very few presumptive 1°VPCs can be reversed to adopt the 2°fate even in S phase of the first cell cycle (Ambros, 1999) . Also, challenge of 1°VPCs with a strong 2°-inducing signal (overexpression of the cytoplasmic domain of the LIN-12-like receptor GLP-1; Roehl and Kimble, 1993) failed to alter the fate of 1°VPCs (data not shown). Similarly, the 3°fate can lead to 1°, but not the reverse. Ambros (1999) has provided evidence that there is a temporal order to the specification of VPC fates in the first cycle: 1°fates are specified first, then 2°and 3°fates. Both his and our results suggest that the logic of VPC fate specification is biased toward ensuring that a 1°fate is specified.
In summary, inductive and lateral signaling would start from the first VPC cell cycle. Controlling the level of LIN-3 expression and lateral signaling between the VPCs ensures that there will not be excessive induction. P6.p (closest to the AC) receives the highest amount of LIN-3 and is normally induced to be 1°. In the case that P6.p did not receive sufficient signal, maintenance of competence to VPC daughters would then ratchet P6.p and its descendants to a 1°fate, locking in the 1°fate commitment. In C. elegans vulva induction, the patterning mechanism has evolved to ensure a 1°cell; coupling competence to the cell cycle helps ensure this pattern.
